(Received for publication July 7, 1945) Heretofore, the anemia associated with infections has been overshadowed in importance by the difficulties of treatment of the infection. While the latter have not been solved completely, modem chemotherapy has made possible such advances that it has brought into contrast the slowness of convalescence and the refractoriness to treatment of the anemia associated with infections.
This anemia has been inadequately studied. Its nature is in dispute, the mechanism of its production is not understood, and there is available at present no rational form of treatment. Relief of the infection is associated with slow blood regeneration. Whole blood transfusions have been used empirically. It has been claimed that the anemia is actually even more severe than it appears because a pronounced reduction in total blood volume occurs at the same time.
The present study was undertaken with the object of determining the pathogenesis of the anemia associated with infection since it seems apparent that successful treatment, comparable to the effectiveness of liver therapy in pernicious and related anemias and iron medication in iron deficiency anemias, is not likely to be attained until the anemia is better understood. In this paper, the literature is reviewed, and certain observations on iron, copper, and porphyrin metabolism in male subjects suffering from anemia associated with empyema, osteomyelitis, and other infections are presented. In the communication that follows experimental studies in dogs will be reported. ' LThe work described in this paper was carried out under a contract, recommended by the Committee on Medical Research, between the Office of Scientific Research and Development and the University of Utah.
The expenses of this investigation were also defrayed in part by grants from Parke, Davis and Company and the Upjohn Company.
REVIEW OF THE LITERATURE
Morphological characteristics Information on this subject is not adequate and that which exists is not in complete agreement. The color index is generally stated to be low. In 24 cases of infective endocarditis with anemia the color index was low (1) . In cases of rheumatoid arthritis (2) with anemia, the color index was reported as low. In rheumatic fever the cell size, mean corpuscular hemoglobin, and mean corpuscular hemoglobin concentration varied irregularly from low to normal values (3) . A "hypochromic" type of anemia was reported in 12 per cent of 460 cases of pulmonary tuberculosis (4) , and a low color index was found in infants with anemia due to sepsis (5) . In 18 cases of inflammatory disease which included pneumonia, pulmonary abscess, chronic cholecystitis, chronic arthritis, and infections of the genito-urinary tract, the anemia was normocytic (6) . The average mean corpuscular volume was 87 c. IA., and the mean corpuscular hemoglobin concentration was 34 per cent. In 27 other cases of similar character the anemia was somewhat microcytic (M. C. V. 72 to 65 c. ,u.), but not hypochromic (M. C. H. C. 31 to 34 per cent). Of the total of 464 cases of anemia studied, in no instance was macrocytic or hypochromic anemia observed in association with infection uncomplicated by blood loss or nutritional deficiency. Thus, the anemia of infection was classified with the "normocytic" and the "simple microcytic" anemias (6) .
In a study (7) of various acute and chronic infections such as osteomyelitis, chronic meningococcemia, cellulitis, empyema, subacute bacterial endocarditis, and chronic pyelonephrosis, the infections were divided into acute and chronic, setting the dividing line arbitrarily at 3 months. Of the acute group normocytic anemia was present in 65 5 and microcytic anemia in 2. The color index ranged from 0.53 to 0.95 but in the majority it was above 0.8. In two-thirds of their cases the reticulocyte count was elevated during the active stage of the infection, the maximal count being 9.4 per cent. In the remaining third of the cases the reticulocyte count was normal. In the chronic cases normocytic anemia was present in 6 and microcytic anemia was evident in 4. The color index in this group varied between 0.56 and 0.94 with an average of 0.70. The reticulocyte count was slightly elevated in all cases showing anemia (average 4.6 per cent, maximum 7.6 per cent). No case of macrocytic anemia was found in either group.
The anemia associated with infected gunshot fractures and infected wounds has been described as macrocytic and slightly hypochromic (8) . The mean corpuscular volume in 9 of 12 cases was above 94 c. ,u. In only one case was the mean corpuscular hemoglobin concentrated above 31 per cent. The duration of the infections ranged from 6 weeks to 3 months. In this report it was stated, "The relatively brief duration of the chronic infection may be the explanation for the absence of the microcytic hypochromic anemia usually associated with chronic infection." The reference to microcytic hypochromic anemia as the usual finding is not borne out by the literature (9) . The macrocytosis, according to this author, was so definite that the persistence of macrocytes was used successfully as an indication for whole blood transfusions. During the acute stages reticulocytosis was not seen.
The anemia found in association with tuberculosis is generally mild and occurs in about 20 per cent of the cases (10, 11) . It was found to be macrocytic in 12 per cent of the cases, normocytic in 56 per cent and microcytic in 32 per cent (11) .. In two-thirds of the macrocytic anemias, the mean corpuscular hemoglobin was reduced below normal and in several of these macrocytosis was associated with massive reticulocytosis following hemorrhage. In 102 cases with anemia only 2 instances of macrocytosis were found, and in both of these cases the anemia was relieved by therapy (10) . These may have been cases of pernicious anemia.
The anemia associated with brucellosis has been reported as macrocytic and hyperchromic (12) , though the conclusions are not in accord with the data presented. The anemia was only slightly macrocytic in the female group (M.C.V. 95 c. ju.) and the mean corpuscular hemoglobin concentration for each sex was in the normal range. A later report (13) indicates that in brucellosis the hemoglobin and red cell count are usually reduced proportionately, and that the anemia rarely resembles permicious anemia.
Bone marrow
The bone marrow in cases of anemia due to infection has been studied very little. That a hyperplasia of the leukocytic elements exists is recognized, but little has been written concerning the erythroid series. The bone marrow in 11 cases of acute infection was found to be normal in 2 and hyperplastic in 9 (7). In 4 cases of chronic infection, hyperplasia of both the white and red cell series was found in all. Neutrophils and myelocytes predominated in the myeloid series, and normoblasts and "primary erythroblasts" predominated the the red cell series, suggesting a maturation arrest at this level. In 73 cases of tuberculosis with anemia the femoral marrow was hyperplastic in 61.6 per cent (11) . The reaction involved mainly the myeloid series. "The qualitative shift of the erythrocytes to younger levels was comparatively slight; the change was primarily quantitative and late erythroblasts and normoblasts predominated." A marked shift toward immature red cell forms was never observed in the bone marrow.
Studies on blood destruction It has been appropriately stated (14) , "Accurate studies of hemoglobin metabolism in chronic infectious anemias have not been reported."
However, what evidence is available indicates that the anemia associated with infection is not due to increased blood destruction (7) . Serum bilirubin determinations have been found to be within normal limits (7, 15 (14) .
Blood volume Because the total blood volume was reduced in soldiers with chronic sepsis, it was concluded that the actual deficiency of total circulating hemoglobin is in large part hidden (8, 21) . Since (25) . Iron balance stud-bamate. Total plasma proteins were determined by the ies in children led to the conclusion that iron re-biuret method of Kingsley (39) . tention is increased in febrile states (26 Table I had been transfused frequently. T. G., W. B. and T. M. received no transfusions.
In no case was the anemia macrocytic. Daily reticulocyte counts were done. The average values -are shown in the table. In no case was there an increase in reticulocytes above normal.
Bone marrow In all cases studied there was an increase in the ratio of myeloid (leukocytic) cells to nucleated red blood cells from the normal of 3-4 to 1 to 5-9 to 1. Myelocytes, metamyelocytes, and polymorphonuclear neutrophils predominated in the myeloid series. In the red cell series, polychromatic and orthochromatic normoblasts predominated. Megaloblasts were not observed, and pronormoblasts were not increased. It is to be noted that the increase in the proportion of myeloid cells in the marrow does not indicate a reduction in the red series; in fact, there may well have been an absolute increase in the number of nucleated red blood cells, but this is difficult to determine by sternal puncture.
Chemical studies
The results of measurements of plasma iron, serum copper, erythrocyte protoporphyrin, urinary coproporphyrin, plasma bilirubin, and total plasma protein in 19 cases of infection of 1 to 36 months' duration are summarized in Table II . The values given represent an average of many determinations on each individual.
Iron metabolism It will be observed that the plasma iron content was markedly diminished in all of these cases. The normal range for humans by the method used, as determined on 20 normal healthy young males, was 120 + 30 micrograms per cent. In the above cases, the values ranged between 15 and 40 micrograms per cent. In order to determine the speed with which hypoferremia develops in infections, measurements were made in several cases of acute infection. In a case of meningococcal meningitis, the plasma iron was 57 micrograms per cent 24 hours after the onset of the infection. In a case of pneumococcal meningitis, the plasma iron was found to be 29 micrograms per cent on the second day of the illness. Similar changes were observed in a case of erysipelas and in 4 cases of pneumonia, 2 of the "atypical" variety and 2 pneumococcal in origin. The plasma iron in these cases ranged from 23 to 64 micrograms per cent. None of these patients developed anemia. In Figure 1 the course of 1 patient with uncomplicated lobar pneumonia involving the left lower lobe is presented. The patient entered the hospital on the fifth day of illness. At this time, the plasma iron level was 131 micrograms per cent. The infection was promptly relieved with sulfadiazine, and by the ninth day of illness (fourth hospital day), the patient was afebrile and asymptomatic. On the tenth day of illness, the plasma iron was 32 micrograms per cent. Nine days later, the plasma iron had risen to 95 micrograms per cent. Anemia did not develop, and there was no rise in erythrocyte protoporphyrin.
We have not studied a sufficient number of patients with acute infections to be able to state the frequency of hypoferremia in infections. As indicated above, in severe illnesses, the plasma iron may fall to abnormally low levels within several days of the onset. In 1 case of pneumonia (W. V.), there was an initial hemolytic phase with an elevated plasma bilirubin and hyperferremia; hypoferremia did not develop until the twenty-first day of the illness. From the limited number of observations made to date, it would appear that the hypoferremia precedes the development of anemia, if anemia develops at all. This is illustrated by the course of W.B. (Figure 2 ). In 4 cases of chronic tuberculosis without anemia, the plasma iron values were found to be 51, 50, 42, and 36 micrograms per cent.
Two hundred and thirty observations in 6 cases of chronic infection over periods of 4 to 6 months indicate that hypoferremia remains as long as the infection persists. In cases in which anemia was present, the blood counts and clinical condition of the patients were restored to normal long before the plasma iron reached the normal range. Figures 3 and 4 . Whereas in normal controls, the plasma iron content increased even almost threefold in 2 to 4 hours following oral administration of ferrous sulfate, in the cases of anemia associated with infection, the plasma iron level was essentially unchanged.
Following the intravenous administration of iron, there was a rapid rise in the plasma iron level in normal individuals, as well as in the patients. In the latter, however, the initial 5-minute rise was not as great as in the controls and the iron disappeared from the blood stream much more rapidly. The plasma iron in the anemic individuals returned to the pre-injection levels in approximately 4 hours, whereas in the normal subjects the pre-injection level was not reached until after 9 hours. The flat oral absorption curves would suggest, at first glance, faulty absorption of iron in the anemia associated with infection. The rapid disappearance of iron from the blood stream following intravenous injection of iron in these cases indicates, however, that the flat curves following oral administration may be attributable to the rapid removal of iron.
In order to compare the manner in which these patients handle iron with the manner in which patients with iron deficiency utilize this element, plasma iron levels following oral and after intravenous administration of iron were determined in a male patient with marked hypochromic microcytic anemia due to iron deficiency. It is well recognized that patients with iron deficiency anemia absorb iron at an accelerated rate (40 to 42) but the increase in plasma iron following its ingestion may be insignificant or quite pronounced (40) . In the case of iron deficiency anemia in which the studies illustrated in Figures 5 and 6 Figure 1) . It was seen only in the somewhat more chronic or severe cases of anemia and usually returned to the normal range only after the patient had made full clinical recovery and the plasma iron level had returned to normal. Considerably more information is needed concerning the rate of development of changes in erythrocyte porphyrin.
Urinary coproporphyrin excretion was also increased above the normal values in all of the patients studied. The average 24-hour excretion for 22 normal healthy young males by this method was 106 micrograms. The range extended from 40 to 150 micrograms. This value corresponds well with that obtained by others using similar methods (37, 44, 45) . It should be pointed out, however, that colorimetric and spectroscopic methods give somewhat higher results than fluorometric methods (46) . In order to ascertain that the substance measured by this method was actually coproporphyrin, determinations in many cases were made both fluorometrically and colorimetrically on the same specimen, and it was found that the coproporphyrin excretion was increased as determined by either method. Absorption spectra obtained on a Beckman quartz spectrophotometer correspond to curves obtained with pure coproporphyrin. Coproporphyrin determinations were made only at the height of the anemia.
Plasma bilirubin values were either within the normal range or slightly dimitished in all of the cases. The total plasma proteins were within the normal range in all instances. In the 6 cases in which the A/G ratio was measured, it was found to be normal.
In Figure 2 , the course of 1 patient is presented. This patient (W. B.), age 23, developed meningococcemia 6 weeks prior to admission and endo- The results of attempts to alleviate the anemia in the cases of infection are summarized in Table  III . The iron ascorbate was injected slowly intravenously as a 1 per cent solution. The insoluble globin powder was prepared according to the procedure of Anson and Mirsky (47) . Reticulocyte counts were made daily during the-assay periods. I I Both F. T. and R. T. had previously received transfusions which resulted in a rise in volume of packed red cells to normal. In spite of this, the hypoferremia persisted and was not affected by either oral or intravenous administration of iron. R. T. received a total of 1.5 grams of iron ascorbate, the equivalent of 0.33 gram of iron, intravenously over a 30-day period without effect on the plasma iron level. T. G. received ferrous sulfate orally for 40 days in addition to copper sulfate orally for 20 days and 100 mgm. of iron ascorbate intravenously daily for 20 days without effect on the plasma iron level, volume of packed red cells, or erythrocyte protoporphyrin, in spite of the fact that his anemia was microcytic and even hypochromic. The administration of 6 members of the vitamin B complex plus ascorbic acid, given in conjuction with iron therapy in one case (R. T.), was ineffective.
The failure of penicillin to relieve the anemia in the 2 cases in which it was used was associated with the failure of the penicillin to alleviate the infection in these 2 cases of chronic osteomyelitis. The inieffectiveness of globin, "amigen," cystine, and methionine in 1 patient (T. G.) suggests that the anemia is probably not due to a primary protein deficiency. Neither did copper sulfate nor a crude extract of liver seem to be of any therapeutic value.
The results following whole blood transfusions The data which have been presented indicate that in cases of infection associated with anemia the plasma iron content is markedly lowered below the normal, the serum copper is elevated, the erythrocyte protoporphyrin is greatly raised, and the excretion of coproporphyrin is increased. Administration of iron by mouth is associated with no significant increase in the content of iron in the plasma, in sharp contrast to the findings in normal persons. Intravenous administration of iron is associated with a rise in the plasma iron level which is somewhat less than in the normal, and there is a much more rapid return to pre-injection levels. In these respects, the plasma iron changes correspond to those observed in iron deficiency anemia. The data suggest that absorption of iron may be adequate, and that iron is being removed rapidly from the plasma. Unlike what occurs in iron deficiency anemia, iron therapy, even intravenously, does not influence the anemia associated with chronic infection.
On the basis of preliminary observations, it appears that the hypoferremia develops very early in association with infection and seems to precede the development of anemia. If the infection is promptly relieved, the plasma iron may return rapidly to normal, and no anemia develops. Hypoferremia has been observed to persist as long as the infection remained and may lag behind the hemoglobin rise which takes place during recovery. The rise in erythrocyte protoporphyrin seems to occur more gradually as anemia develops. This porphyrin has been shown (43) to be protoporphyrin type III, number 9, the porphyrin from which heme is synthesized. The time relationships of the rise in serum copper to the fall in plasma iron and the increase in erythrocyte protoporphyrin have not yet been determined.
A hypothetical scheme of the formation and destruction of hemoglobin is outlined in Table V . Anemia presumably may develop (a) as a result of deficient blood formation represented in reaction 1 to 4; or (b) as the consequence of increased blood destruction, represented in reaction 5. In the anemia associated with infection no evidence has been found of increased blood destruction as measured quantitatively by urobilinogen excretion (15 to 20) . In 1 patient (J. B.) studied by us, the urobilinogen excretion was actually diminished, averaging only 37 mgm. per day. Furthermore, the plasma bilirubin in the patients in this study was not elevated. It would seem that the anemia must develop as a result of deficient blood formation. Thus reaction 4, representing the ultimate formation of hemoglobin, is inadequate. (53, 54) .
Our observations indicate that both protoporphyrin and copper are present in increased amounts, and the plasma iron is markedly diminished. There are several reasons to suggest that there is a "deficiency" of iron, and that the protoporphyrin and the copper are increased awaiting the time when iron will be made available so that the formation of heme may proceed at its normal rate.
The anemia of infection corresponds to the anemia of iron deficiency in many respects. These are summarized in Table VI. Hypercupremia and   TABLE VI Comparison of anemia of infection with iron deficiency anemia an elevated erythrocyte protoporphyrin have been shown to occur in iron deficiency (43, 50 to 52). In both the anemia of infection and in iron deficiency anemia, the bone marrow is hyperplastic. In both conditions, the plasma iron is low, the curve for plasma iron following the ingestion of iron may be flat, and iron injected into the blood stream disappears more rapidly than is normal.
That the anemia of infection is not due to a primary deficiency of iron as a result of diminished intake or reduced absorption is indicated by the fact that (a) the anemia develops more rapidly than could be explained on the basis of cessation of absorption of iron; (b) the microcytosis and hypochromia are neither as consistent nor as marked as in primary deficiency; and (c) the anemia of infection fails to respond to either the oral or intravenous administration of iron.
These observations all indicate that there must be in association with infection a derangement in the intermediate metabolism of iron which diverts the element to some other location and deprives the hemopoietic tissues of iron. It has been shown that iron, once absorbed, is not excreted (55 to 59). Consequently, if adequate amounts of iron are reaching the blood stream, it would appear that iron is being diverted from hemoglobin formation by important demands elsewhere. These must be in the tissues.
Evidence is available to suggest that inflammatory tissue has a peculiar affinity for iron. Thus it-has been shown (60, 61) (28) .
By the use of radioactive iron, it should be possible to determine whether or not iron absorption is normal, or even increased, in the presence of infectsion, and to discover where the iron which is absorbed passes. If iron is adequately absorbed but is deviated from hemoglobin synthesis, as we have postulated, it will be important to determine what function such a diversion plays. It might be expected that this function is an important one since it takes precedence over so fundamental a process as hemoglobin formation. The experimental production of hypoferremia is described in the paper which follows. SUMMARY 1. The anemia associated with infection is usually normocytic and normochromic but may become slightly microcytic and slightly hypochromic. No accompanying reticulocytosis has been observed.
2. The bone marrow is hyperplastic, and there is an increase in the myeloid-erythroid ratio.
3. Hypoferremia, hypercupremia, an increase in the amount of protoporphyrin contained in the red cells, and coproporphyrinuria have been observed, but plasma bilirubin and total plasma proteins have been found normal.
4. There is a pronounced alteration in iron metabolism, as indicated by hypoferremia, flat oral iron absorption curves, and rapid disappearance of iron from the blood stream following intravenous injection.
5. The anemia of infection corresponds to the anemia of iron deficiency in certain respects but does not respond to iron therapy.
6. Copper, the vitamin B complex, ascorbic acid, "amigen," globin, cystine, methionine and crude liver failed to correct the anemia. 7 . Whole blood transfusions were associated with alleviation of the anemia and improvement in the well-being of the patients but failed to correct the underlying disturbances in iron and porphyrin metabolism.
8. The theory is offered and evidence is presented that the anemia of infection is due to failure to form heme as the result of a lack of iron to incorporate into the protoporphyrin molecule. This "lack" may be due to an abnormality in the intermediate metabolism of iron which diverts this metal to the tissues and makes it unavailable for hemoglobin synthesis.
